ABSTRACT -Temperature is an important and common variable that modifies nerve conduction study parameters in practice. Here we compare the effect of cooling on the mixed palmar median to ulnar negative peak-latency difference (PMU) in electrodiagnosis of carpal tunnel syndrome (CTS). Controls were 22 subjects (19 women, mean age 42.1 years, 44 hands). Patients were diagnosed with mild symptomatic CTS (25 women, mean age 46.6 years, 34 hands). PMU was obtained at the usual temperature, >32°C, and after wrist/hand cooling to <27°C in ice water. After cooling, there was a significantly greater increase in PMU and mixed ulnar palmar latency in patients versus controls. We concluded that cooling significantly modifies the PMU. We propose that the latencies of compressed nerve overreact to cooling and that this response could be a useful tool for incipient CTS electrodiagnosis. There was a significant latency overreaction of the ulnar nerve to cooling in CTS patients. We hypothesize that subclinical ulnar nerve compression is associated with CTS.
Carpal tunnel syndrome (CTS) is the most common entrapment neuropathy of the upper limbs 1, 2 . In the Netherlands, the prevalence is 5.8% in women and 0.6% in men 3 , and in Southern Sweden, the prevalence is 2.7% 4 . Nerve conduction studies (NCS) are the most important, useful, and rapid tool for diagnosis of CTS, mainly in mild cases 5 . In the last decade several new methods for NCS have been incorporated into CTS electrodiagnosis; comparison of median sensory or mixed latencies of the ulnar or radial nerves in the same limb has become a very common practice 6 . In theory, person to person variability in conduction velocity, due to age and genetic differences, can be controlled for by comparing nerve conduction velocity between nerves in the same limb 7 . Temperature is one of the most important factors influencing nerve conduction parameters [8] [9] [10] [11] . Lowering the temperature prolongs the open time of voltagegated sodium channels, thereby generating a larger and longer action potential 12 . Latency, amplitude, duration, and area of sensory nerve action potentials and compound muscle action potentials increase with decreasing temperature.
Robinson et al. 13 reported that a combined sensory index (CSI), the sum of three nerve latency differences, is better than a single test for diagnosing CTS. Their experience suggests that latency differences between nerves in the same digit or hand are not markedly affected by cold. In a later study, Lew et al. 14 investigated the effect of temperature on absolute latencies and latency differences and concluded that temperature had no significant effect on latency differences or the CSI. However, more recently, Kouyoumdjian et al. 15 showed that cooling does modify latency differences and the CSI.
The aim of this study was to determine if hand cooling below the usual temperature (>32°C) modifies mixed palm median to ulnar latency differences. Nerve conduction studies -A Portable Keypoint electromyograph (Medtronic Inc.) was used for all NCS. Midpalmar temperature was controlled using an infrared thermometer (Infrascan, La Crosse Technology, Wisconsin) with a resolution of 0.1°C and variation from -20°C to 300°C. Electrodiagnosis of CTS was based on data obtained from the second review of the American Association of Electrodiagnostic Medicine 6 . Median nerve distal antidromic sensory latency (wrist to index finger, 14 cm) was defined as abnormal when ≥3.7 ms, negative peak-measured. Mixed palmar median to ulnar nerve latency difference (PMU, palm to wrist, 8 cm) was considered abnormal when ≥0.30 ms, negative peak-measured. Median motor nerve distal latency (wrist to APB, 8 cm) was considered abnormal when ≥4.25 ms. Nerve conduction was normal in all other nerves studied, including the antidromic sensory ulnar and radial, and ulnar motor nerves. For electrodiagnosis of mild CTS, three additional techniques were used: antidromic sensory median/ulnar nerve latency difference (ringdiff, wrist to ring finger, 14 cm), considered abnormal when ≥0.50 ms, negative peak-measured; antidromic sensory median/radial nerve latency difference (thumbdiff, wrist to thumb, 10 cm), considered abnormal when ≥0.50 ms, negative peakmeasured; CSI 13 , the sum of PMU, ringdiff, and thumbdiff, considered abnormal if ≥1.10 ms.
Temperature control -Patients and controls were electrophysiologically examined using the techniques described above. Electrophysiological parameters were obtained at the usual temperature for electrophysiological diagnosis (>32°C) and after wrist and hand cooling in ice water to a temperature below 27°C. The mean latency increase (ms) for each 1°C temperature reduction was calculated with the assumption of a linear correlation between temperature reduction and latency increase 10, 11, 16 .
Data analysis -The t-test was used to compare median and ulnar nerve latencies and the difference between them obtained at the two temperatures. P≤0.05 was considered significant.
Ethics -The local ethics committee approved the protocol, and all studies were performed after informed consent had been obtained.
results
Nine hands has abnormal median distal sensory latency (≥3.7 ms, range 3.7 to 4.4 ms); 19 hands had abnormal palmar median latency (≥2,3 ms, range 2.3 to 2.9 ms); 33 hands had abnormal PMU (≥0.3 ms, range 0.30 to 1.64 ms); and, finally 1 hand had abnormal CSI (≥1.10 ms). These electrophysiological findings well defined mild CTS.
There was no temperature (°C) difference between both groups (controls and CTS) under usual temperature and after cooling. For median palm latencies we obtained 32.3±0.6 in controls versus 33.0± 0.8 in CTS and 21.6±1.8 in controls versus 21.6±2.0 in CTS. For ulnar palm latencies we obtained 32.3±0.5 in controls versus 32.7±0.7 in CTS and 21.7±1.9 in controls versus 21.7±1.9 in CTS.
The median and ulnar sensory distal peak latencies and median and ulnar palmar peak latencies obtained at the two temperatures are shown in Table  2 . The results show an increase in mean PMU after cooling in both controls and CTS patients. The mean PMU increase was 0.11±0.14 ms in controls and 0.39± 0.18 ms in CTS patients. There was a highly significant difference between two groups in mean PMU increase (p<0.0001).
Also remarkable was the relative increase in ulnar palmar latency after cooling in CTS patients versus controls. The ulnar palmar latency increased to 2.00±0.21 ms in controls and to 2.25±0.22 ms in CTS patients. There was a highly significant difference between two groups in mean ulnar palmar latency (p<0.0001). The mean latency increase per 1°C temperature reduction was 0.04 ms in controls and 0.10 ms in CTS patients for the median palm, and 0.03 ms in controls and 0.06 ms in CTS patients for the ulnar palm, both significant.
disCussion
The central hypothesis of this study was based on our empiric observation that median and ulnar nerves in the same person can respond differently to temperature variation. By comparing latencies in the median nerve with those in the ipsilateral ulnar or radial nerve, it would be possible to reduce the effects of hand temperature on nerve conduction velocity. However, we found that in both controls and CTS patients there was an increase in PMU after cooling, consistent with our previous findings 15 . The increase was significantly greater in CTS patients versus controls. Lew et al.
14 reported a latency increase of 0.06 ms/°C for the median palmar (0.10 ms/°C in ours) and 0.06 ms/°C for the ulnar palmar (same of ours) in CTS patients. They showed that temperature did not significantly affect the latency differences or the CSI, results that were not confirmed by our current or previous findings 15 .
We are unable to provide a definitive explanation for the overreaction of median palm latencies to cooling. Because nerve-fiber diameters vary widely, nerve conduction velocities respond nonuniformly to temperature reduction 10 . A smaller temperature reduction is required to block the action potentials of large-diameter A fibers versus C fibers. If the large fibers, which react more to temperature reduction, were reduced in number in CTS patients, the PMU was expected to be reduced instead of increased. However, our finding of increased PMU may reflect the fact that in mild CTS there are more functional than structural nerve fiber abnormalities, i.e. without loss of large fibers; the slight longer latencies would be the result of the dispersion (compressive effects on the myelin) of the response and corresponding shift in peak.
Another puzzling and striking finding was that there was an overreaction of ulnar mixed palm latencies to cooling in only the CTS patients, suggesting that the ulnar nerve can also be stressed by a subclinical compression. Careful examination of the carpal tunnel and Guyon canal reveals an anatomical relationship. The floor of the Guyon canal (carpal ulnar neurovascular space) consists of the muscles of the hypothenar eminence, their fibers of origin, and the flexor retinaculum 17 . The retinaculum attaches to the radial and anterior surfaces of the hook of hamate. The stressed carpal transverse ligament could also stress the Guyon canal, and the ulnar nerve can occasionally be entrapped in this region 17 . Could the CTS symptoms in the entire hand, described in approximately 40-50% of patients [18] [19] [20] be due to a subclinical compression of the ulnar nerve in the Guyon canal?
In conclusion, the overreaction of the mixed median palm latencies to cooling in CTS patients dramatically increased the PMU. To a lesser extent, mixed ulnar palm latencies also overreacted. We hypothesize that subclinical involvement of the ulnar nerve at the Guyon canal in CTS might explain symptomatology in all fingers. The PMU increase in CTS patients after cooling might be used to distinguish mild or incipient cases from normal cases, but further studies are needed to investigate this possibility. We could not confirm previous findings that latency differences between two nerves in the same hand are not influenced by temperature 14 .
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